We consider the most general generation-independent U(1) gauge symmetry consistent with the presence of Yukawa couplings for all quarks and leptons in the SUSY version of the Standard Model. This U(1) has generically mixed anomalies with SM groups, which cannot be cancelled by the Green-Schwarz mechanism of heterotic D = 4 strings. We argue that these anomalies can in principle be cancelled by the generalized Green-Schwarz mechanism present in field theories corresponding to D-branes at singularities. Moreover, unlike the heterotic case, once the U(1) symmetry is broken it may remain as an exact perturbative global symmetry in the low energy theory. Applying this scheme to the SUSY SM we find that gauging such a general U(1): 1) B and L violating operators at least up to dim=3,4,5,6 are generically forbidden ; 2)
Introduction
The SUSY standard model (SM) has a number of naturality problems. One of the most pressing ones is the problem of proton stability. Indeed, the most general superpotential consistent with SU(3) × SU(2) × U(1) gauge invariance and supersymmetry has dimension-three and -four operators which violate lepton and/or baryon number.
In particular it has the general form:
in a self-explanatory notation. The first line contains the usual Yukawa couplings which are needed for the standard quark and lepton masses whereas the second line shows B or L-violating couplings and the third shows the µ-terms. One needs to invoke a symmetry of some sort to forbid at least a subset of the dangerous couplings in order to obtain consistency with proton stability.
Another problematic point of the SUSY SM is the smallness of the µ-parameter, the SUSY mass of the Higgs multiplets. In principle that mass parameter would be expected to be as high as the cut-off of the theory, unless there is some symmetry reason which protects the Higgs mass from becoming large.
In field theories we are free to impose either a discrete symmetry such as R-parity or global continuous symmetries to forbid the dangerous couplings. In string theory R-parity does not in general appear as a natural symmetry and furthermore, global symmetries are believed not to be present. In fact, in perturbative string theory it can be shown [1] that there are no global symmetries (besides Peccei-Quinn symmetries of axion fields or accidental symmetries of the low-energy effective action). In nonperturbative string theory, even though there is no general proof, it is also believed that global symmetries are absent, the reason being that any theory that includes gravity will not preserve global symmetries since they are broken naturally by black holes and other similar objects.
Therefore, perhaps the simplest possibility for solving both problems in string theory would be to gauge some continuos U(1) which forbids the dangerous couplings [2, 3, 4] . This is in general problematic because, if we stick to the particle content of the MSSM such symmetries are bound to be anomalous. One might think of using the Green-Schwarz mechanism found in perturbative heterotic vacua in order to cancel those anomalies and indeed this possibility has been explored in the past. However there are two main obstructions:
1) The mixed anomalies of the U(1)'s with the SM interactions are not in the appropriate ratios to be cancelled 1 .
2) Due to the presence of a Fayet-Iliopoulos (FI) term, the U(1) symmetry is in general broken slightly below the string scale and does not survive as an exact global symmetry. Thus in general one has to rely on the particularities of the model and holomorphicity in order to supress sufficiently parameters like the µ-term [6, 7] .
In the present letter we point out that these two problems are not present in the alternative generalized Green-Schwarz anomaly cancellation mechanism recently found in Type I and Type IIB D = 4, N = 1 string vacua. Indeed in this novel mechanism the mixed anomalies of a U(1) with the different group factors can be different. In
addition, unlike what happens in the perturbative heterotic case, the FI term may be put to zero. In that case, as first pointed out in ref. [8] , the U(1) survives as an effective global symmetry which is exact in perturbation theory, evading in this way the general argument against global symmetries in string theory. Both these aspects are wellcome in order to suppress the dangerous couplings with a gauged Abelian symmetry.
We will discuss two general classes of flavour-independent anomalous U(1)'s. The first class allows all Yukawa interactions and it is discussed in section 3 whereas another class of anomalous U(1)'s with anomalies proportional to the beta function coefficients of the corresponding gauge groups is discussed in section 4. We will start in section 2 discussing the general aspects of anomalous U(1)'s in heterotic and type I models respectively.
Anomalous U (1)'s: Heterotic vs Type I Models
In D = 4, N = 1 perturbative heterotic vacua one anomalous U(1) is often present and anomalies are cancelled by a Green-Schwarz mechanism. An important role is played by the imaginary part of the complex heterotic dilaton S, which is dual to the unique antisymmetric tensor B µν of perturbative heterotic strings. Under an anomalous
, where δ GS is a constant anomaly-cancelling coefficient. Since the gauge kinetic function for the gauge group G a is at tree-level f a = k a S, the Lagrangian contains the couplings ImS a k a F a ∧ F a , where the sum runs over all gauge groups in the model and the coefficients k a are known as the Kac-Moody levels. Then, a shift in ImS can in principle cancel mixed U(1)-gauge anomalies. However, for this to be possible the mixed anomalies C a have to be in the same ratios [9] as the coefficients k a (Kac-Moody levels) of the gauge factors:
With δ GS = C a /k a . In the SM, assuming the standard hypercharge normalization, we
one-loop [10] . The gauge coupling g here is given by 8π/g 2 = Re S. The D-term in the Lagrangian then takes the form:
where K i is the derivative of the Kähler potential K with respect to the matter fields [18, 11, 22] that in this class of theories: a) There may be more than one anomalous
The mixed anomaly of the U(1) with other groups need not be universal ; c)
There is a generalized Green-Schwarz mechanism at work in which the cancelling role is played not by the complex dilaton S but by twisted closed string massless modes M k .
These are fields which live on the fixed points of the orbifold. 
where k runs over the different twisted sectors of the underlying orbifold (see ref. [11, 22] for details) and B k are the two-forms which are dual to the imaginary part of the twisted fields M k . Here l labels the different anomalous U(1)'s and δ l k are model-dependent constant coefficients. In addition the gauge kinetic functions have also a (tree-level) 2 More precisely, from string theory, the blowing-up modes together with the antisymmetric tensors coming from the RR sector, belong to linear multiplets. The scalar components of these multiplets, m k are the ones that vanish at the orbifold point and their value determine the blowing-up procedure [23] . Upon dualization, the linear multiplets get switched to the chiral multiplets M k , the relation between m k and the real part of M k depends on the structure of the Lagrangian but close to the singularity it is linear and
which depends on the untwisted moduli fields T i which determine the size of the compact space.
where the s k α are model dependent coefficients. Under a U(1) l transformation the M k fields transform non-linearly In D = 4 models like these there can also be mixed U(1) X -gravitational anomalies.
In the perturbative heterotic case, in order for the Green-Schwarz mechanism to work, the coefficient C l grav of those anomalies must be related to those of mixed U(1)-gauge anomalies by
Such relationship disappears in the case of Type IIB D = 4, N = 1 orientifolds. One can find though certain sum rules relating the gravitational to the gauge anomalies in certain classes of models. In particular, for the toroidal orientifolds of the general class studied in refs. [18] one can obtain the constraint [11] :
where n α is the rank of the U(n) or SO(m) groups which are present in this class of orbifolds. This constraint has to be satisfied for the anomalies to be cancelled by the generalized Green-Schwarz mechanism present in these models 4 .
The FI term for this U(1) X is given by ξ = δ X K M , since the Kähler potential (to first order in M)is given [25, 26, 22, 23] by
easily see that the FI term vanishes at the orbifold singularity [18, 11, 22, 23] (see also [27, 28] ). This is impossible in the heterotic case, because in that case it is the field S that cancels the anomaly and the FI-term ξ is then proportional to K S ∼ g 2 which cannot be set to zero in a nontrivial vacuum. The anomalous gauge field gets a mass [26, 28] exactly in the same way as in the heterotic case, nevertheless, there is no need for a charged field to get a nonvanishing vev in order to cancel the D-term, therefore the corresponding global symmetry is not broken. Thus, the gauge field gets a mass of the order of the string scale (since the mass depends on K M M * and not on K M ) but the global symmetry remains perturbatively exact as long as we are at the orbifold singularity ξ = 0. If there is a vacuum for which the D-term vanishes outside the singularity, the scale of breaking of the global symmetry could in principle be as small as we want.
We can see then that in the class of Type IIB orientifolds in which this anomaly cancellation mechanism has been studied, the anomalous U(1)'s have generically a mass of order the string scale. Unlike what happens in the heterotic case, this FI-term is arbitrary at the perturbative level and hence may in principle vanish (orbifold limit).
In this case the U(1) X symmetry remains as an effective global U(1) symmetry which is perturbatively exact.
Anomalous U(1)'s and Yukawa Couplings
We will now study the new possibilities offered by these generalized Green-Schwarz mechanism when applied to MSSM physics. We will consider the simplest possibility in which we extend the SM gauge group by adding a single anomalous U(1) X .
There are just three U(1) charge asignements (beyond hypercharge) for the MSSM chiral fields which 1) allow for the presence of the usual Yukawa couplings and 2) are flavour-independent. These were named R, A and L in ref. [4] , and the corresponding assignments are displayed in table 1, where we also include the hypercharge assignments Y . Notice that L is just lepton number and R corresponds to the 3rd component of right-handed isospin in left-right symmetric models (baryon number is given by the combination B = 6Y + 3R + 3L). The other symmetry, A, is a Peccei-Quinn type of symmetry. Thus the more general such U(1) symmetry will be a linear combination:
where m, n, p are real constants. We will denote the corresponding U(1) X 's by giving the three numbers Q X = (m, n, p). The fifth line in the table shows the general 
forbids all the terms in the second line and would forbid proton decay at this level by itself. On the other hand it does not provide an explanation for the smallness of the µ-term. In particular, the bilinear HH has Q X charge equal to n, and hence it can only be forbiden if our U(1) has n = 0. For that purpose we can see that the U(1) symmetry is necessarily anomalous. Thus let us study the anomalies of the above Q X symmetry.
The mixed anomalies C i of Q X with the SM gauge interactions are given by 5 :
where we have preferred to leave the number of generations N g and doublets N D free to trace the origin of the numerical factors (one has N g = 3, N D = 1 in the MSSM).
There is an additional constraint from the cancellation of U(1) Y × U(1) 2 X anomalies which yields:
Thus there are only two independent parameters out of the three m, n, p if we imposse this latest constraint. 5 We will not consider constraints coming from cancellation of mixed U (1)-gravitational anomalies in our analysis in this chapter and the next, since one can always cancel those by the addition of apropriate SM singlets carrying U (1) X charges.
It is now easy to see that (3.2) cannot be satisfied in the heterotic case since there is no solution to these equations with C 3 : C 2 : C 1 = 1 : 1 : 5/3. However these equations can, in principle, be easily satisfied in the type I case. To see this, let us suppose for simplicity that one twisted field M is relevant in the cancellation mechanism 6 . The gauge kinetic functions for the SM interactions will have the form:
Now, from eq.(2.6) we see that the mixed anomalies will cancel if the anomaly coefficients in (3.2) are related to the parameters δ X and s α by C α = −δ X × s α , which is possible to satisfy for appropriate δ X and s α . Notice , however, that in the present case the coefficients s α are related. Indeed, for the physical case N g = 3, N D = 1 anomalies can be cancelled as long as the parameters s α satisfy:
This imposes a constraint on which type I models can have an anomalous U(1) that allow all standard Yukawa couplings.
QuH QdH LeH HH LH udd QdL LLe Let us now be a bit more specific and study the posibilities for anomalous Q X = (m, n, p) symmetries. As we said, we need n = 0 in order to forbid the µ-term. 
It is easy to check (see Table 2 ) that this symmetry forbids all dimension 3 and 4 terms violating baryon or lepton number in eq.(1.1). Dangerous F -term 6 Notice that M may also denote a linear combination of several twisted fields living at the singularity.
operators of dimension smaller than 9 are also forbidden in this case (see for instance reference [29] , for a recent discussion of these operators). Table 3 ). 4. For particular choices of m, n, p one can allow some R-parity violating dim=4
A related symmetry is the one introduced by
operator. For example, the U(1) given by:
forbids all dim=3,4,5,6 lepton violating couplings but allow the coupling of type udd in the superpotential. One can also find choices which allows for lepton number violating but not for baryon number violating ones.
5. There is a particularly simple U(1) for which all the anomalies are the same: Operator Dimension Now, once the U(1) X symmetry is gauged, the µ parameter is forced to be zero at the perturbative level and we understand why the Higgs fields have small masses compared to the cut-off. A small but non-vanishing µ-parameter is however needed in order to obtain appropriate SU(2) × U(1) symmetry breaking. Notice however that once SUSY is broken, a non-vanishing D X -term will in general appear of order M 2 W . Thus the U(1) X symmetry will get small breakings of order M W and an effective µ-term of order M W could be generated. U(1) X symmetry breaking effects could also be generated from non-perturbative effects and could also give rise to a µ term.
Anomalous U (1)'s and β-functions
The class of U(1) symmetries considered in the previous section is very interesting phenomenological and in principle it may be realized in type I strings. However, at the moment we do not yet know an explict example giving rise to such symmetries since we are still lacking sufficiently realistic models. We will now change our approach in the following way. Instead of imposing the phenomenological requirements of allowing all quark and lepton masses, we will impose some constraints on the anomalies inspired in some known orientifold models. Recently a special class of anomalous U(1)'s has been found in orientifold models [24, 22, 41] . These models are such that the mixed anomalies of these U(1)'s with the other gauge groups are in the ratio of the betafunction coefficients of the corresponding gauge groups. This could be of interest also in trying to accomodate a string scale well below the unification scale M X = 2 × 10
16
GeV [24, 41] . For these U(1)'s instead of (3.1), valid for heterotic models, we would have:
If an extension of the MSSM exists with such an extra U(1) X , since we know the betafunction coefficients for the supersymmetric standard model, β 3 : β 2 :
we can then look for the most general family independent U(1) that satisfies these constraints. Imposing the three constraints for the mixed anomalies with the standard model groups we find four independent solutions as shown in the table. The most general anomalous U(1) is
which has mixed anomalies with the standard model groups given by:
We therefore will assume 2m + 2n + p + q = 0 so that the U(1) is indeed anomalous.
These anomalies are cancelled if the gauge kinetic function has the form f α = S + βα 2 M (i.e., s α = β α /2) with δ X = (2m + 2n + p + q). We thus have There are two more conditions that have to be imposed. First that the mixed U(1) X −U(1) X −Y anomaly vanishes identically, imposing a quadratic constraint among the U(1) X charges. Second, that the U(1)
3
X anomaly is also cancelled by a GreenSchwarz mechanism, therefore a constraint C X = −δ X /2β x has also to be satisfied. The quadratic constraint can be automatically satisfied by use of the following argument: adding a term proportional to the hypercharge to each of the U(1) X charges will not change any of the linear constraints coming from the mixed U(1) X − G − G anomalies because we know that hyercharge is anomaly free. Therefore this will change only the quadratic constraint, we then assume that the proportionality constant has been fixed and not impose the quadratic constraint. This will tell us though that the four coefficients m, n, p, q are not independent and we are free to impose one constraint among them (the Weinberg U(1) of the previous section was obtained in this way). As for the cubic constraint, since it involves only the anomalous U(1) X we will allow the possibility of extra matter fields charged only under the anomalous U(1) X but not the Standard Model groups, which is very common in string models, so that their charges satisfy the cubic anomaly condition. terms are forbidden at least up to dimension 6 except for the dim=5 operator
[QQQL] F which is always necesarily allowed for a U(1) of this type.
One can also check that the charges of the dimension 5 operators LLHH are given by 2Z − 2Y − 4δ X . Thus for choices with 2Z = 2Y + 4δ X neutrino masses can be naturally generated as in the standard see-saw mechanism. Alternatively, right-handed neutrinos may be added.
We can then see how restrictive a single anomalous symmetry can be regarding the physically interesting couplings in the superpotential. Even though the lepton masses are forbidden, there is a very economical way to generate them. If there is a standard model singlet N with charge 3 δ X , the coupling NLeH is invariant under the anomalous U(1) and if N has a nonvanishing expectation value, it gives rise to lepton masses. This looks like dangerous since, as we discussed in the introduction, once we give large vevs to fields charged under the anomalous U(1) X , this symmetry will be broken in the effective Lagrangian, as it generically hapened in the heterotic models. 7 Note that m, n, p, q are defined in eq.( 4.2) and have nothing to do with those defined in eq.(3.1).
Interestingly enough there is an unexpected unbroken discrete Z 3 gauge group which saves the day. Indeed, a vev for the field N turns out to break U(1) X to a discrete Z 3 subgroup. This is due to the fact that the N field has to have charge 3 δ X whereas the forbidden terms would require vevs of fields with charges ±2 δ X or ±1 δ X to be allowed. This is enough to forbid the dangerous couplings, such as the µ-term and the B, L violating operators. The ratio < N > /M s may be at the origin of a hierarchy of fermion masses. The only dangerous coupling that is not forbidden by this U(1) X (nor its residual Z 3 once leptons get masses) is the dimension 5 operator QQQL. We may hope that an extra symmetry, possibly a flavour-dependent U(1) or even a sigma-model symmetry as those discussed in [22] , may be at work to forbid this operator and keep the proton stable. Notice that this coupling is dangerous only for the first families of quarks and leptons. A detailed analysis of flavour-dependent anomalous U(1)'s may also be interesting [5, 6, 7] , in order to study the possible structure of fermion masses.
We hope to report on this in a future publication.
Final comments
We have studied the possible use of anomalous U (1) dimensions. This could be wellcome for string models with the string scale well below the Planck mass as in refs. [31, 32, 33, 34, 35, 36, 37, 38, 39, 8, 40] .
It would be interesting to extend the present analysis to the case of flavour-dependent U(1) symmetries which could restrict the patterns of fermion mass textures. Notice that in the analysis in section 3 we have tacitely assumed that the residual global U(1) X symmetry is broken (by vevs of charged scalars) only close to the weak scale so that proton decay supression is sufficiently efficient and a large µ-term is not generated. This is a possibility which is not pressent in heterotic models in which the FI-term generically forces charged scalars to get vevs close to the string scale. However in the Type I context other flavour-dependent U(1)'s can be assumed to be broken by vevs of singlet scalars slightly below the string scale so that schemes analogous to those considered in [5, 6, 7] are also possible. Notice also that more than one anomalous U(1) may be present now.
If there is more than one M field at the singularity, since only one gets swallowed by the U(1) X to become massive, they can play the role of invisible axions and solve the strong CP-problem as proposed in ref. [8] . Indeed, these other fields would be massless to high accuracy and have the adequate couplings to do the job. It is unlikely that they get substantial masses after SUSY-breaking if the latter originates in a hidden sector. However it is not clear if these fields couple to F ∧ F . For example, in Z 3 with 9-branes, the sum of 27 fields is massive, the other 26 are not. But they have zero coupling with F ∧ F . We expect that in the generic case, for an anomalous U(1) X , the linear combination s k X M k cancels the anomaly and gets eaten by the anomalous gauge field, whereas the combination s k 3 M k is the one that couples to QCD and plays the role of the QCD axion.
Once SU(2)×U (1) is broken and the Higgs fields get vevs, those vevs will also break the U(1) X symmetry. In the D X term this can be compensated by a tiny (compared to the string scale) FI-term ξ. Thus it seems electroweak symmetry breaking will trigger a FI-term of order M W . This means that < M >∝ M W in these models. Thus, interestingly enough, the electroweak scale would be a measure of the blowing up of the singularity. The process of SU(2) × U(1) breaking would look like a transition of some branes to the bulk. The distance of the branes to the original singularity (given by the vevs of the Higgs) is equal to the induced FI term. Of course, all this depends on the supersymmetry breaking mechanism and how it affects the structure of the D-terms.
In the general case we can say that for an arbitrary anomalous U(1) the vacuum is either at the singularity ξ = 0 or not. If it is not, then the blowing-up mode can substantially affect the unification scale as argued in refs. [24, 41] . Otherwise the anomalous U(1) symmetry remains as a perturbatively exact global symmetry that can help forbidding dangerous couplings allowed by supersymmetry. This is the first concrete proposal to evade the general claim against the existence of global symmetries in string models. The SM Higgs can break this symmetry, triggering a nonvanishing value to the FI term and then moving away from the singularity. This may provide a 'brany' interpretation to the scale of electroweak symmetry breaking. In any case these new anomalous symmetries can certainly play a very interesting role in low-energy physics.
